Shortcut to adiabaticity (STA) guides the nonadiabatic dynamics of a quantum system towards an equilibrium state without the requirement of slow driving. We report the first demonstration of a STA in a strongly-coupled system, i.e., a 3D anisotropic Fermi gas at unitarity. Exploiting the emergent conformal symmetry, the time-dependence of the trap frequencies is engineered so that the final state in a nonadiabatic expansion or compression is stationary and free from residual excitations. The universal scaling dynamics is verified both in the non-interacting limit and at unitarity.
The understanding of strongly-coupled quantum systems is an open problem at the frontiers of physics with widespread applications. Prominent examples include the description of atomic nuclei, quark-gluon plasma, quantum liquids and other exotic phases of matter [1] . In these systems, the presence of strong interactions challenges any attempt aimed at controlling their far-from equilibrium dynamics.
Shortcuts to adiabaticity (STA) have been recently been proposed as a general tool to tailor the nonadiabatic dynamics of quantum matter far from equilibrium [2] . Their implementation has been particularly successful in the control of ultracold atomic clouds. In this context, STA provide a mean to guide the dynamics of an atomic cloud in a time-dependent trap to connect different stationary equilibrium states without the requirement of slow driving. The first experiment speeding up the expansion dynamics of an atomic thermal cloud [3] was soon followed by the demonstration of STA with Bose-Einstein condensates [4] and low-dimensional quantum fluids with strong phase fluctuations [5] . Parallel progress succeeded in engineering the nonadiabatic dynamics of few level systems [6] [7] [8] as well as continuous variable systems [9] . However, all experimental reports to date focused on single-particle, non-interacting or weakly interacting systems. In principle, theoretical results suggest that the control of general many-body systems via STA might be feasible [10] [11] [12] [13] . In practice, achieving this goal often requires knowledge of the spectral properties of the system [14, 15] that is hardly available under strong coupling. In such scenario, the existence of dynamical symmetries comes to rescue [6, 8, 17, 18] .
In this Letter, we provide the first demonstration of shortcuts to adiabaticity in a strongly coupled system. To this end, we demonstrate the nonadiabatic manybody control of a three-dimensional unitary Fermi gas in a time-dependent anisotropic trap. Exploiting the emerging scale invariance at strong coupling, we imple- ment superadiabatic expansion and compressions of the cloud and determine the reversibility of the dynamics via a quantum echo. Our result establish the possibility of tailoring the dynamics of strongly-coupled quantum matter far form equilibrium. The unitary limit is reached in an ultracold Fermi gas at resonance. The divergent scattering length leads to the emergence of conformal invariance and hydrodynamic behavior. When the 3D unitary Fermi gas is harmonically trapped, the many-body dynamics of the system becomes scale invariant and the evolution of the cloud is dictated by the following coupled equations [20] 
where b j (t) = σ j (t)/σ 0j are time-dependent scaling factors satisfying the boundary conditions with b j (0) = 1 andḃ j (0) = 0, and σ 0j = σ j (0) and σ 0j = σ j (0). As a result, the evolution of the cloud size σ j (t) is dictated by the modulation of the trapping frequencies ω j . By contrast, in the non-interacting Fermi gas that is collisionless, the equations decoupled As a result, the aspect ratio of the cloud evolves nonadiabatically and differs for unitary and ideal Fermi gases under anisotropic harmonic confinement. A well-known example is the anisotropic expansion associated with hydrodynamics behavior in a strongly-interacting degenerate Fermi gas [21] .
Here, following recent studies [6, 9] , we implement the proposal by Papoular and Stringari [8] and experimentally demonstrate how to control the far-fromequilibrium dynamics of a 3D unitary Fermi gas via a STA. By engineering the frequency aspect ratio of the trap as
both unitary and ideal Fermi gases obey the same scaling dynamics, in which a single scaling factor b suffices to completely describe the evolution of the cloud. As a result, the dynamics of the system can be manipulated via STA, speeding up the adiabatic transfer between two many-body stationary states. The scale-invariant dynamics relies on the conformal symmetry that we demonstrate in both an ideal and unitary Fermi gas. Our experiment probes the dynamics of an anisotropically-trapped unitary quantum gas of a balanced mixture of 6 Li fermions in the lowest two hyperfine states | ↑ ≡ |F = 1/2, M F = −1/2 and | ↓ ≡ |F = 1/2, M F = 1/2 . The experimental setup is similar to that Ref. [12, 13] . Fermionic atoms are loaded into a cross-dipole trap used for evaporative cooling.
The resulting potential has a cylindrical symmetry around z axis, as shown in Fig. 1A . In an anisotropic trap, the typical frequency ratio ω 0r /ω 0z is about 11.6. A Feshbach resonance is used to tune the interaction of the atoms either to the non-interacting regime with the magnetic field B = 528 G or to the unitary limit with B = 832 G. The system is initially prepared in a stationary state with the trap depth fixed at 5% U 0 where U 0 is the full trap potential depth. The initial energy of Fermi gas at unitary is E = 0.8 E F , corresponding to the temperature T = 0.25 T F , where E F and T F are the Fermi energy and temperature of an ideal Fermi gas, respectively. Note that the roundness of the optical trap beams and their alignment with the axes of the magnetic potential are crucial to this end [25] . Any deviation from cylindrical symmetry and harmonic confinement due to misalignment, optical aberrations, or gravity could causes the excitation of the gas. The time dependence of b(t) is engineered as a polynomial
where t f is the transferring time to another stationary state and b f = b(t f ) is set by the ratio of the initial and final target trap frequencies; ω f j /ω 0j = 1/b 2 (t f ) [25] . The trap frequency is lowered by decreasing the laser intensity according to Eq. (3), and trap anisotropy is precisely controlled by the power ratio of the two trap beams, see Figure 1 . Finally, after a time of evolution t f in the timedependent trap, the trap beams are completely turned off and the cloud is probed via standard resonant absorption imaging techniques after a time-of-flight expansion time t tof = 200 µs. Each data point is an averaged over 5 shots taken with identical parameters. The time-of-flight density profile along the axial (radial) direction is fitted by a Gaussian function, from which we obtain σ z,obs (σ r,obs ). σ z,obs (σ r,obs ) is related to the in-situ cloud size by a scale factor which can be obtained by either hydrodynamic or ballistic expansion equation with the time-of-flight time t tof [25] , from which the mean cloud size σ z (σ r ) can be obtained.
The STA dynamics of a Fermi gas in the unitary regime and driven by the time-dependent anisotropic 3D trap is analyzed in Fig. 2 . Over the short time, the Fermi gas initially prepared in an equilibrium follows the engineered STA trajectory and reaches a new stationary state where trapping frequencies are nine times as small as their initial values. The mean axial and radial cloud sizes share the same dynamics, as shown in Fig. 2B . The evolution matches closely the theoretical prediction for the anisotropic STA trajectory and demonstrate that the expansion of the unitary Fermi gas obeys the scaling law of Eq. (3), which is consistent with the coupled Ermakovlike equations (1) when the scaling factors are tailored via STA to be isotropic b(t) = b j (t) for j = x, y, z.
The residual heating rate of the cloud size is very small (7.7 × 10 −4 µm/µs) and negligible. The remarkable feature of the STA dynamics with new scaling solution is that σ r /σ z remains constant when the gas is expanded by changing the trap aspect ratio, see blue dots in Fig.  2C . The STA evolution is contrasted with a typical nonadiabatic trajectory induced by a linear ramp of the trap frequency from the initial axial value ω iz = 2π × 1324.7 Hz to final one ω f z = 2π × 147.2 Hz in 3 ms. The corresponding values of the mean axial cloud σ z are shown in Fig. 2B . Following the ramp, the Fermi gas is found far from equilibrium and the excitation of the breathing mode leads to an oscillatory behavior of the cloud size. The measured oscillation frequency is 2π × 204.7 Hz, which is determined by the collisions of atoms and very close to the frequency 12/5ω f z of the axial collective mode of Fermi gas at unitary Fermi gas for the final trap depth.
Armed with the ability to control nonadiabatic expansions and compressions via STA, we next text adiabaticity via a quantum echo [26] using the width of the cloud as a figure of merit. The evolution of the mean axial size of the cloud along the cycle is shown in Fig. 3 . The ini- tial system is prepared in a stationary state. The Fermi gas subsequently undergoes a compression via a STA to reach a desired target stationary state in 3ms (A → B) with no residual excitations. The gas is then adiabatically hold for 3ms (B → C) before it evolves via a STA for an expansion (C → D) which implements the inverse transformation of the previous STA compression. Finally there is an another isentropic process and the gas is hold for 3ms (D → A). Upon completion of the quantum echo cycle, we found that the dynamics is frictionless and the final mean axial cloud size matches closely the initial value. Therefore it is proven that, if ω(t) is an STA expansion satisfying Eq. (3) with the scaling parameter b(t), then ω(t f − t) is another STA compression. The STA process is time-reversible and the entropy indeed conserves in such transformations.
To further characterize the nonadiabatic evolution along a STA, we next turn our attention to the meanenergy scaling dynamics. The unitary Fermi gases provide a non-relativistic fluid that is both scale and conformally invariant [27] . The universal thermodynamics states that the relation of pressure P and energy density is related by the same equation of state P = 2 /3 as for an ideal gas. With a harmonic trap, the total energy per particle, E/N = 3mω 2 σ 2 , is determined by the trap frequency ω and mean square cloud size σ 2 with virial theorem. The ratio of the total energy between the target stationary state E f and the initial stationary state E i is investigated with different values of b f reached via STA. Fig. 4 shows the excellent agreement between the theoretical prediction for E f /E i = 1/b 2 f and the experimental data. For large b f the energy of the final state could be greatly decreased. In the experiment, the initial energy is decreased by an order of magnitude in 2 ms without residual excitations. Therefore, this anisotropic STA could be used as a new and efficient method to perform fast cooling for quantum gases. We also notice that the dimensionless energy ratioĒ j = E j /E F j (j = i, f ) does not change in such anisotropic STA (see Fig. 4 ) although the external trap experiences a large change in the process, where E F i and E F f are the Fermi energy of a non-interacting two-state mixture of 6 Li atoms in a harmonic trap of (geometric) mean frequency for the initial and target stationary state, respectively. In addition, in the experiment, the temperature and atoms number of unitary Fermi gas are controlled by adjusting the degree of evaporative cooling process. The results show that the STA dynamics is robust and insensitive to these parameters.
Finally, we demonstrate that these dynamics are universal. We first verify that both the unitary Fermi gas and ideal Fermi gas obey this new scaling solution of Eq. (3) for STA dynamics in the presence of anisotropic time dependent trap. The dynamics are shown in Fig. 5 . The red dots and blue dots are the STA trajectories with the mean axial cloud size for the unitary Fermi gas at B = 832 G and ideal Fermi gas at B = 528G, respectively, as shown in Fig. 5A . Both curves are collapsed into a single curve of designed dynamics of Eq. (3). For better show this point, the ratioσ unitary /σ ideal of the dimensionless mean axial cloud size at unitary Fermi gas and ideal Fermi gas is plotted in Fig. 5B , wherē σ unitary,ideal = σ(t)/σ 0 . The data clearly demonstrate thatσ unitary /σ ideal ≈ 1. The blue dots and orange dots are non-STA trajectories with the linear frequency ramp. For non-STA, the dynamical evolutions are different and their oscillation frequencies are related to breathing frequencies at the different regime with ω ≈ 2ω f and ω ≈ 12/5ω f for the ideal and unitary Fermi gas, respectively.
In conclusion, we have provided the first experimental realization of a shortcut to adiabaticity in a stronglycoupled system. To this end, we have considered the scale-invariant dynamics of a 3D Fermi gas at unitarity in a time-dependent anisotropic harmonic trap. By designing the time-dependent frequency aspect ratio of the confinement, the nonadiabatic dynamics can be guided towards a stationary state in very short time scale. Our work establishes the possibility to control quantum matter at strong coupling and far away from equilibrium.
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Scale invariance is a dynamical symmetry which has proved extremely useful in the study of ultra cold atomic gases in time-dependent harmonic traps. In this context, an atomic cloud prepared at time t = 0 is brought out of equilibrium by a modulation of the trap frequencies. Scale invariance relates then correlation functions of the nonequlibrium state to those of the initial state, as was first discussed in [1, 2] for Bose-Einstein condensates. However, scale invariance can be extended to both classical and quantum many-body systems with SU (1, 1) as a dynamical symmetry group [3, 4] . The associated scaling laws are essential in the analysis of time of flight measurements [5] . The possibility of engineering the scaling dynamics in many-body systems via shortcuts to adiabaticity was discussed in to realize a quantum dynamical microscope [6] .
For a superfluid Fermi gas, the conformal symmetry SO(2, 1) (isomorphic to SU (1, 1)) is broken for any finite value of the scattering length and is only recovered as an emergent symmetry in the dilute collisionless limit describing a noninteracting Fermi gas and for a divergent scattering length, i.e., at unitarity. Under isotropic harmonic confinement the scale-invariant dynamics of a unitary Fermi gas has been discussed in a number of theoretical works [7] [8] [9] . The possibility of using of STA in a unitary Fermi gas was first suggested by Papoular and Stringari [8] .
A stationary quantum state Φ (r 1 , . . . , r 1 ; t = 0) with chemical potential µ prepared at time t = 0 in a trap with frequency ω 0 = ω(0) evolves following a modulation in time of ω(t) according to the scaling law
where
and the scaling factor is a solution of the Ermakov equation
subjected to the boundary conditions b(0) = 1 andḃ(0) = 0. In the adiabatic limitω(t)/ω(t) 2 1 [10] , the solution of the scaling factor is set by
As a result, the adiabatic evolution under scale invariance simply reads The adiabaticity condition can be removed via a STA in an arbitrarily short time t f by driving the trapping frequency from ω 0 to ω(t f ). By imposing the boundary condition on the scaling factor
the time-evolving state (5) reduces to the corresponding stationary state at ω(t f ), as the phase factor proportional toḃ/b vanishes. The required trapping frequency can be determined from the Ermakov solution by choosing any function b(t) that satisfies the boundary conditions at t = 0, t f . To ensure a smooth modulation of the trapping frequency is generally convenient to add the supplementary boundary conditionsb(0) =b(t f ) = 0. The polynomial ansatz discussed in the main body of the manuscript is one possible choice.
When the three-dimensional harmonic trap is anisotropic, the scaling dynamics is generally more complex [11] as the scaling factors along different degrees of freedom take different values [1] . However, it still possible to use the scaling law (5) whenever b j (t) = b(t) [9] . In the adiabatic case this is automatically satisfied provided that the aspect ratio of the trap is keep constant during the modulation of the trapping frequency. In the nonadiabatic regime, the Ermakov equation for each trapping frequency becomes
Note that these equations are decoupled an can be easily inverted to determine ω j (t) using a common choice of the evolution of the scaling factor b(t) and taking into account the corresponding initial frequency ω j0 = ω j (0) along each axis.
Experimental methods
Our experimental setup was presented in [12, 13] . A large atom number magneto-optical trap (MOT) is realized by a laser system of 2.5-watts laser output with Raman fiber amplifier and intracavity-frequency-doubler, as shown in Fig. 6(A) . After the loading stage, 5.2 × 10 9 cold atoms is obtained. Then MOT is compressed to obtain atoms of near Doppler-limited temperature of 280 µK and a density of 10 12 cm −3 . Following this compressed stage, the MOT gradient magnets are extinguished and repumping beams are switched off faster than the cooling beams. By optical pumping, a balanced mixture of atoms in the two lowest hyperfine states |1 ≡ |F = 1/2, M = −1/2 and |2 ≡ |F = 1/2, M = 1/2 is prepared. 
